slotted stepped impedance resonators (S-SIRs), etched in the ground planes. These structures may be described by a pair of parallelconnected transmission lines, each one loaded with a series-connected parallel resonator, and with mutual capacitive coupling between such resonators. If the structures are symmetric, the transmission coefficient exhibits a single transmission zero, related to the fundamental resonance of the SIRs, though perturbed by the effects of mutual coupling. However, if symmetry is disrupted, two notches appear, separated a distance that depends on the level of asymmetry, coupling, and CPW length. Therefore, these structures may be useful for the implementation of differential sensors and comparators. It is shown that if the S-SIRloaded CPWs are electrically small, the structures can be modeled by a lumped element equivalent circuit. Using this model, the resonance frequencies are obtained analytically. The proposed lumped element model is validated through electromagnetic simulation and experiment, and a prototype comparator loaded with dielectric samples is fabricated and measured. Finally, the circuit model of the structure is compared to that of SIR-loaded CPW transmission lines. Despite the fact that the lumped element equivalent circuits of these structures are completely different, the equations providing the transmission zeros are formally identi
INTRODUCTION
Stepped impedance resonators (SIRs) are electrically small resonators useful for the implementation of planar filters in microstrip and coplanar waveguide (CPW) technology [1] . Although SIRs are usually implemented as metallic resonators, the complementary counterparts (slotted SIRs-S-SIRs) are also of interest for microwave circuit design. In particular, dumbbell-shaped slotted SIRs symmetrically etched in the ground plane of a microstrip line are useful to create notches in the frequency response, and have been modeled as parallel resonant tanks series-connected to the line [2] .
In this article, we investigate the behavior of CPW transmission lines loaded with pairs of coupled S-SIRs for the implementation of differential microwave sensors and comparators. Such CPW structures can be an alternative to state-of-the-art microwave sensors and comparators for dielectric characterization of materials (organic tissue and biological sample analysis, defects or abnormalities in materials, etc.) [3, 4] . The main advantage of the proposed CPW structures is the major robustness against variable environmental conditions provided by a differential measurement.
Recently, a microstrip structure loaded with pairs of coupled metallic SIRs was investigated as a potential candidate for differential sensing [5] and a preliminary prototype sensor operative at the V-band was presented. As compared with the structures therein, the S-SIR-loaded CPW structures presented in this article may take advantage of a superior sensitivity, as well as a simpler fabrication complexity due to the uniplanar metallic configuration of the CPW structure. The sensing principle is based on the relative variation of the edge capacitance of one of the slotted SIRs with regard to the other, experienced when a pair of samples under test (SUT) is located on top of them. It is expected that the effects of the SUT are more pronounced when they are placed on top of edge capacitances than on top of broad-side capacitances (as in SIR-loaded microstrip lines), and this explains the sensitivity enhancement expected for the structures studied in this article. The sensing principle is thus based on symmetry disruption, causing the presence of two notches in the transmission coefficient separated a distance that depends (although not exclusively) on the level of asymmetry. A frequency-splitting sensing principle was proposed for the design of spatial sensors based on microstrip lines loaded with split ring resonators in [6] .
The analysis and modeling of these CPW structures loaded with symmetric and asymmetric S-SIR pairs is necessary for design purposes. This is the actual challenge of this work, where electric coupling between the two S-SIRs is included for an accurate modeling. The proposed lumped element equivalent circuit model is validated through parameter extraction and comparison of the circuit response (for both symmetric and asymmetric configurations) to electromagnetic simulations and measurements. The viability of the proposed structure as comparator is then demonstrated. Finally, these S-SIR-loaded CPWs are compared to CPWs loaded with SIRs (indeed 5-section SIRs -5S-SIRs) etched in the back substrate side [7] , where it will be shown that, subjected to certain element mapping, the equations giving the pair of transmission zero frequencies (asymmetric case) in both structures (inferred from the corresponding models) are identical. An explanation of this fact is also given at the end of the article.
TOPOLOGY AND MODEL OF THE S-SIR-LOADED CPW
Figure 1(a) shows the typical topology of a CPW loaded with a pair of S-SIRs. Although the topology shown in Figure 1 (a) is symmetric with regard to the line axis, the analysis will be carried out by considering the general case of arbitrary S-SIR dimensions. The modeling of CPWs loaded with slotted patterns (not necessarily S-SIRs), has been performed in several works [8] [9] [10] . However, in these publications the analysis corresponds to symmetric structures. Exceptionally, asymmetric structures providing more than one notch in the transmission coefficient are reported in [9] . Nevertheless, the reported model in [9] does not account for the effects of asymmetry in frequency splitting, and coupling between resonant elements is not modeled. In [11] , a circuit model for a CPW-slotline cross was presented. The model accounts for the effects of asymmetry in the slotlines (generating the slot mode in the CPW structure), but this model is based on the decomposition of the two fundamental CPW modes (even and odd) into different ports, resulting in a complex 6-port circuit model, accurate but complex for design purposes.
The proposed model for the structure of Figure 1 (a) is depicted in Figure 1(b) . It is assumed that the structure can be described as a pair of split transmission lines (the central strip being a common conductor), each one loaded with a seriesconnected parallel resonant tank (L si -C si with i 5 1,2). The electrical length and characteristic impedance of the transmission line sections are h and 2Z c (where Z c is the CPW characteristic impedance), respectively. It has been found that for reasonable widths of the CPW central strip, electric coupling between the resonators arises, and this effect is accounted for by including a mutual capacitance, C m , in the model [12, 13] . Except for the symmetric case, the analytical solution for the transmission zero frequencies (resonance frequencies from now on) in the circuit of Figure 1(b) is not straightforward. However, if the CPW transmission line is electrically short, we can describe it by its inductance, L, and capacitance, C, resulting in the model depicted in Figure 1(c) . It is apparent that a necessary condition to connect capacitively the resonators (by C m ) is a nonzero potential difference between the two lateral metallic planes. Accordingly, the slot mode must propagate through the structure, and this occurs only when the structure is asymmetric. By contrast, for a symmetric structure (i.e., L s1 5 L s2 L s and C s1 5 C s2 C s ), the circuit model can be simplified to that shown in Figure 1(d) . Indeed, this is the typical circuit model of S-SIR-loaded transmission lines reported in the literature (where inter-resonator coupling only shifts the resonance frequency according to the proposed circuit model). Note that losses are not considered in the models.
The analytical calculation of the resonance frequencies in the circuit of Figure 1(c) is cumbersome, but such frequencies can be expressed in a relatively closed form. To this end, we have obtained the reactance of the series branch in the p-model of Figure 1(c) . By calculating such reactance and the corresponding poles, a bi-quadratic equation results,
where the coefficients are:
and the solutions are of the form
If the structure is symmetric (i.e., L s1 5 L s2 L s and C s1 5 C s2 C s ), the mathematical solutions are:
where x 0 5 (L s C s ) 21 and k e 5 C m /C s is the electric coupling coefficient. However, x 1 is not actually a solution since it nulls the numerator of the reactance. This can also be derived by inspection of the circuit in Figure 1(d) .
VALIDATION OF THE MODEL
The models of Figure 1 have been validated by considering three CPW structures loaded with different pairs of S-SIRs (see Thereby, for each w 2 , the inductance, L s , and the capacitance in the presence of coupling, C seff 5 C s 2 C m , is obtained for each resonator. The parameters have been extracted from electromagnetic simulation (conductor and substrate losses are not considered) using the method reported in [14, 15] . Next, for the asymmetric structures, modeled by the circuit in Figure 1 (c), we have determined C m by curve fitting. The extracted parameters are indicated in the caption of Figure 3 . Finally, since the fabricated CPW structures are not electrically small, we have included four transmission line sections like those represented in Figure 1 (b). It should be noted that the resonance frequencies depend on the CPW length, l. All the frequency responses are plotted in Figure 3 , revealing that there is good agreement between simulations and measurements. A potential application of these structures is related to differential sensors and comparators based on frequency-splitting, since two split resonance frequencies appear when symmetry is broken. Particularly, Figure 4 shows the response of the symmetric structure of Figure 2 (a) when it is symmetrically loaded with a pair of dielectric slabs of dielectric constant 3.38, and when it is asymmetrically loaded with a single slab (see inset). In the latter case, the asymmetry is clearly manifested by the presence of two notches. Note that for the asymmetric case, the response overall shifts to the right since subtracting one slab is equivalent to reduce one of the S-SIR capacitances.
COMPARISON TO SIR-LOADED CPWS
In [7] , CPW transmission lines loaded with 5-section SIRs etched in the back substrate side were studied, and a circuit model for these lines was proposed. It is interesting to highlight that the bi-quadratic equation providing the transmission zeros in the SIR-loaded CPW is identical to Eq. (1) with the coefficients given by (2) , provided the following mapping is satisfied:
, and M are the reactive elements of the circuit model of the SIR-loaded CPW [7] . Thus, with this mapping, the pair of transmission zero frequencies of the two structures, given by (3) using (4) for S-SIR-loaded CPWs of this article, are also identical. Note, however, that the degenerate (and hence single) solutions for the symmetric cases occur at different frequencies (i.e., the upper frequency for the SIR-loaded CPW and the lower frequency for the S-SIR-loaded CPW). This fact explains that for the 5-SIR-loaded CPW, when symmetry is disrupted, the two resulting notches are either located at both sides of the single notch corresponding to the symmetric case, or below it [7] , whereas for the S-SIR-loaded CPW, when symmetry is disrupted, the two resulting notches are either located at both sides of the single notch corresponding to the symmetric case, or above it (see Fig. 3) .
Interestingly, despite the fact that the SIR-and S-SIR-loaded CPW transmission lines are significantly different, with the previous indicated mapping the expressions providing the resonance frequencies are identical for both structures. Neither these structures are dual, nor are the equivalent circuits circuit duals [16] . However, the poles of the dual circuit of the resonant shunt branch of the SIR-loaded CPW, depicted in Figure 5 , are identical to those of the circuit of Figure 3(c) , and this explains the formal coincidence of the two equations providing the transmission zero frequencies.
CONCLUSION
In this work, we have analyzed asymmetric CPW-based structures where the CPW central strip is kept unaltered whereas SSIRs are etched on the lateral metallic planes (ground planes in conventional CPW implementations). A novel strategy for modeling symmetric/asymmetric configurations is reported, where the structures are viewed as two parallel-connected loaded transmission lines. A lumped element equivalent circuit of the structure has been proposed, and from this model the pair of transmission zeros have been analytically inferred. The model has been experimentally validated and the potential of the structure as differential sensor or comparator has been pointed out by means of a proof-of-concept device comparator. Finally, it has been demonstrated that the analytical expressions for the pair of transmission zeros in these S-SIR-loaded CPW structures are identical to those of the SIR-loaded CPWs, provided a simple mapping between elements is applied.
INTRODUCTION
In recent years, implantable antennas have attracted considerable interest for their ability to provide wireless energy to implantable medical devices, such as cardiac pacemakers and neural recording systems, with the primary focus of contemporary research concerning antenna miniaturization, efficiency, and biocompatibility. Achieving reliable wireless power transfer and data communication is imperative to the efficacy of biomedical implant systems and introduces significant design challenges.
The leading objective regarding wireless communication with implantable devices is to reduce the antenna dimensions while concurrently overcoming degenerative effects resulting from the lossy biological tissues enveloping the system [1] . Various antenna miniaturization techniques have been employed by other authors, including radiator geometry optimizations and high permittivity substrate/superstrate materials [2] . Moreover, shielding the conductive elements of the antenna from contact with human tissues is critical for device efficiency and biocompatibility. Previously reported implantable designs have incorporated biocompatible housings to shield the antenna from the surrounding tissues [1] . Although many of these techniques are useful, their benefits can be limited by physical constraints. Therefore, alternative or supplemental methods of improving device performance should be explored. 
